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The sources of oxidative stress in the vessel wall. The activi-
ties of multiple oxidases, including Nox oxidases, nitric oxide
synthase (NOS), xanthine oxidase, cytochrome P450, cyclooxy-
genase, and mitochondria can contribute to the generation of
oxidant species in the vessel wall. Each of these systems has spe-
cific mechanisms controlling oxidase activity and roles in phys-
iologic or pathophysiologic regulation. The NAD(P)H cellular
redox systems have major roles in controlling oxidase activities,
the metabolism of oxidant species, and signaling systems regu-
lated by these species. The Nox oxidases have unique roles in
oxidant signaling because they are a basal source of superoxide
production in vascular cells, which are subject to regulation by
receptor activation, stimuli such as stretch, and metabolic stress
such as hypoxia.
ROLES FOR OXIDASES IN VASCULAR
REGULATION
The activities of most oxidases in the vessel wall are be-
low the ranges that appear to influence signaling systems
under baseline physiologic conditions. Studies on the
mechanisms of sensing PO2 suggest that only NAD(P)H
oxidases containing Nox subunits and mitochondria have
basal roles in controlling vascular signaling systems, in-
cluding the regulation of soluble guanylate cyclase (sGC)
[1] and ion channels [2], respectively. Processes linked to
physiologic function such as receptor or shear activation
of the endothelium has documented that cyclooxygenase,
cytochrome 450, mitochondria, and uncoupling of the ni-
tric oxide synthase (NOS) reaction can result in the gen-
eration of vasoactive levels of hydrogen peroxide [3, 4].
Hypertension appears to promote vascular dysfunction
associated with increased scavenging of nitric oxide by
superoxide anion that seems to originate from an initial
activation of Nox oxidases through increased pressure
and angiotensin II, and also with increased xanthine oxi-
dase activity [5, 6]. Inflammation in the vessel wall brings
in inflammatory cells with high gp91phox (Nox-2) activ-
ity, and this promotes complex responses often associated
with increased expression of vascular cell Nox oxidases
and growth or angiogenesis [7]. As the electron transport
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chain of mitochondria become partially disrupted by di-
abetes, ischemia/reperfusion or other disease processes,
this organelle becomes a major source of oxidant gen-
eration associated with cellular senescence, apoptosis or
necrotic cell death. Thus, the activities each sources of
oxidants and their influence on vascular function are in-
tegral components of physiologic and pathophysiologic
processes. A picture that is emerging in endothelium [6]
is that Nox oxidase activation may have a fundamental
role in controlling the activities of other oxidases present
in these cells, including NOS and xanthine oxidase and
the recruitment of phagocytic cells through controlling
adhesion protein expression.
REGULATION AND ROLE OF VASCULAR
Nox OXIDASES
Vascular tissue has been reported to contain Nox-1,
Nox-2, and Nox-4. Each of these oxidases appears to have
different mechanisms of regulation. In phagocytic cells,
Nox-2 has been reported to be activated by stimulation
of the assembly of p47phox, p67phox, and p40phox sub-
units and activation of the small G protein Rac which
bind to membrane bound gp91phox-p22phox complex
to promote high rates of NADPH-dependent superox-
ide generation [8]. The Nox systems present in vascular
smooth muscle show a basal oxidase activity supported
by both NADH and NADPH [7]. Studies in vascular
smooth muscle cells suggest that Nox activity can be
stimulated by protein kinase C (PKC) phosphorylation
of p47phox and a secondary of rac binding promoted
by oxidants activating a cSrc/epidermal growth fac-
tor (EGF) receptor/phosphatidylinositol-3-kinase mech-
anism [9]. Recent studies indicate that Nox-1 is directly
controlled by a preassembled complex with Nox-O1, a
subunit which appears to replace the role of the p47phox
subunit [8]. Activation of a binding of a Nox-A1 subunit
appears to replace the role of the p67phox subunit. In con-
trast, Nox-4 does not seem to have sites that could be reg-
ulated by these mechanisms involving p47phox-related
subunit binding [8]. The Nox oxidases appear to have dis-
tinct subcellular localizations which suggest they are part
of organized mechanisms of cellular signaling [10], with
Nox-1 being associated with cell growth and Nox-4 with
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Fig. 1. Processes that control the activity of
vascular smooth muscle Nox oxidases present
in bovine coronary and pulmonary arteries.
Abbreviations are: PKC, protein kinase C;
LDH, lactate dehydrogenase; sGC, soluble
guanylate cyclase; PPP, pentose phosphate
pathway; EGFR, epidermal growth factor re-
ceptor; ERK, extracellular-regulated protein
kinase; cGMP, cyclic guanosine monophos-
phate; ROS, reactive oxygen species.
vascular PO2 sensing. Our recent studies have found that
endothelium-removed bovine coronary and pulmonary
arteries have Nox-2 and Nox-4, and Nox-1 could not be
detected [11]. Since we have found [12] that stretch ac-
tivates an extracellular-regulated protein kinase (ERK)
mitogen-activated protein (MAP) kinase-mediated en-
hancement of force generation in bovine coronary arter-
ies through a p47phox, but not src, associated activation
of Nox oxidase activity, stretch appears to be linked to
activating Nox-2 in this vascular preparation through a
pathway shown in Figure 1. Our recent studies indicate
that activation of PKC enzymes directly with a phorbol
ester promotes a src-mediated increase in superoxide, as-
sociated with hydrogen peroxide–mediated contraction,
suggesting that this mechanism of Nox oxidase activation
can also be detected. Overall, vascular Nox oxidases are
thought to be activated by multiple processes, including
pressure, shear stress, and growth factor receptor activa-
tion; and the oxidant species generated have been linked
to a diversity of signaling processes linked to the control
of force generation, inflammatory cell recruitment, vas-
cular growth, and the progression of aspects of vascular
disease processes [6–10].
ROLES FOR NAD(P)H REDOX SYSTEMS IN
CONTROLLING OXIDANT REGULATION
Cytosolic NADP(H) and NAD(H) redox appear to
have important roles in controlling Nox oxidase activ-
ity, oxidant metabolism and the expression of signaling
by oxidant species. Our initial studies examining a relax-
ation to lactate which appeared to be mediated through
hydrogen peroxide causing a catalase-mediated stimu-
lation of sGC, resulted in evidence that increasing the
normally very low levels of cytosolic NADH through the
lactate dehydrogenase (LDH) reaction was a regulator of
the Nox-type oxidase activity present in bovine coronary
and pulmonary arteries [1]. As we studied the actions of
lowering cytosolic NADPH through inhibiting the
glucose-6-phosphate dehydrogenase reaction of the pen-
tose phosphate pathway (PPP) in bovine coronary ar-
teries, it was observed that basal superoxide levels and
peroxide release were decreased [13]. A subsequent in-
vestigation why bovine pulmonary arteries have higher
basal levels of superoxide than coronary arteries resulted
in observing that the pulmonary arteries have higher
levels of glucose-6-phosphate dehydrogenase associated
with the maintenance of elevated levels of NADPH, con-
sistent with cytosolic NADPH levels being a key factor
in the expression of basal oxidant generation by Nox ox-
idases in vascular tissue [11]. The NADPH dependence
of enzymes, including glutathione reductase and thiore-
doxin reductase, also links the redox status of cytoso-
lic NADPH to the systems that are among the most im-
portant control mechanisms for oxidant metabolism and
redox signaling. Thus, the status of cytosolic NAD(H)
and NADP(H) redox systems are additional key factors
controlling the influence of oxidative stress on vascular
function.
REACTIVE NITRIC OXIDE–DERIVED SPECIES
ARE IMPORTANT CONTRIBUTORS TO
VASCULAR OXIDANT STRESS
It is well established that superoxide inactivates nitric
oxide associated with the generation of peroxynitrite, and
that peroxynitrite promotes protein nitrotyrosine forma-
tion. Since nitrotyrosine is readily observed under base-
line conditions associated with small increases in vascular
superoxide [5], the vessel wall may often be exposed to
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peroxynitrite formation. Peroxynitrite can promote ad-
ditional oxidant stress by activating oxidant production
by many of the oxidases present in vessel wall, because
it oxidizes thiols and impairs the function of antioxidant
enzymes [3]. Thus, many factors need to be considered
when evaluating the sources and consequences of oxida-
tive stress in the vessel wall.
Reprint requests to Michael S. Wolin, Ph.D., Professor, Department
of Physiology, New York Medical College, Valhalla, NY 10595.
E-mail: mike wolin@nymc.edu
REFERENCES
1. WOLIN MS, BURKE-WOLIN TM, MOHAZZAB-H KM: Roles for
NAD(P)H oxidases and reactive oxygen species in vascular oxy-
gen sensing mechanisms. Respir Physiol 115:229–238, 1999
2. MICHELAKIS ED, HAMPL V, NSAIR A, et al: Diversity in mitochondrial
function explains differences in vascular oxygen sensing. Circ Res
90:1307–1315, 2002
3. WOLIN MS: Interactions of oxidants with vascular signaling systems.
Arterioscler Thromb Vasc Biol 20:1430–1442, 2000
4. LIU Y, ZHAO H, LI H, et al: Mitochondrial sources of H2O2 gener-
ation play a key role in flow-mediated dilation in human coronary
resistance arteries. Circ Res 93:573–580, 2003
5. UNGVARI Z, CSISZAR A, KAMINSKI PM, et al: Chronic high pressure-
induced arterial oxidative stress: Involvement of protein kinase C-
dependent NAD(P)H oxidase and local renin-angiotensin system.
Am J Pathol 165:219–226, 2004
6. MCNALLY JS, DAVIS ME, GIDDENS DP, et al: Role of xanthine oxi-
doreductase and NAD(P)H oxidase in endothelial superoxide pro-
duction in response to oscillatory shear stress. Am J Physiol Heart
Circ Physiol 285:H2290–H2297, 2003
7. LASSEGUE B, CLEMPUS RE: Vascular NAD(P)H oxidases: Specific
features, expression, and regulation. Am J Physiol Regul Integr
Comp Physiol 285:R277–R297, 2003
8. LAMBETH JD: Nox enzymes and the biology of reactive oxygen. Nat
Rev Immunol 4:181–189, 2004
9. SESHIAH PN, WEBER DS, ROCIC P, et al: Angiotensin II stimulation of
NAD(P)H oxidase activity: Upstream mediators. Circ Res 91:406–
413, 2002
10. HILENSKI LL, CLEMPUS RE, QUINN MT, et al: Distinct subcellular
localizations of Nox1 and Nox4 in vascular smooth muscle cells.
Arterioscler Thromb Vasc Biol 24:677–683, 2004
11. GUPTE SA, KAMINSKI PM, FLOYD B, et al: Cytosolic NADPH may
regulate differences in basal Nox oxidase-derived superoxide gen-
eration in bovine coronary and pulmonary arteries. Am J Physiol
Heart Circ Physiol 288:13–21, 2005
12. OECKLER RA, KAMINSKI PM, WOLIN MS: Stretch enhances contrac-
tion of bovine coronary arteries via an NAD(P)H oxidase-mediated
activation of the extracellular signal-regulated kinase mitogen-
activated protein kinase cascade. Circ Res 92:23–31, 2003
13. GUPTE SA, ARSHAD M, VIOLA S, et al: Pentose phosphate path-
way coordinates multiple redox-controlled relaxing mechanisms
in bovine coronary arteries. Am J Physiol Heart Circ Physiol
285:H2316–H2326, 2003
